Abstract: This paper addresses the design and implementation of a droop controlled three phase bidirectional AC-DC converter for more electric aircraft (MEA) applications. A unified control strategy using a droop characteristic is presented to achieve the bidirectional power flow between the AC and DC source while maintaining a stable DC output voltage. Based on the rigorous control design, the converter is capable of operating over a wide frequency range with a unity power factor. The key findings obtained from the theoretical analysis are confirmed by simulation studies and further validated by a scaled down laboratory prototype. The practical results show good performance of the bidirectional converter and demonstrate the effectiveness of the proposed control strategies.
Introduction
The more electric aircraft (MEA) concept is one of the major trends in modern aerospace engineering which aims to reduce the overall aircraft weight, operation cost, and environmental impact [1, 2] .
In conventional aircraft, the flight control surfaces are activated by hydraulic actuator systems. For MEA these will be replaced by electro hydrostatic actuators (EHAs) or electromechanical actuators (EMAs) [3] . This will significantly reduce the weight of the aircraft which will improve its overall efficiency [2, 4] . Thus, more electrical power is used to replace the conventional hydraulic, mechanical, and pneumatic power [5] . As a consequence, the onboard installed electrical power increases significantly and this results in challenges in the design of electrical power systems (EPS).
Generation and distribution systems constitute the main body of the MEA EPS. In recent years, electrical power generation systems have evolved from conventional constant frequency (CF) to variable speed variable frequency (VSVF) generation. This shift eliminates the mechanical gear box, increases the reliability, and reduces the maintenance cost [6] . For the distribution system, nowadays the tendency is to replace traditional AC distribution with high-voltage DC distribution [7, 8] . This is because DC distribution can increase efficiency, reduce weight, and remove the need for reactive power compensation devices.
Due to the presence of both AC/DC sources in an aircraft power system and the requirement of bidirectional power flow, it is essential to have a bidirectional AC-DC power converter. Instead of the conventional Auto Transformer Rectifier Unit (ATRU), the three phase bidirectional interfaced power converter allows for tight output DC voltage control and the bidirectional power flow between AC and DC sources. In order to reduce the current harmonics for such a three phase bidirectional converter, a high value inductor, i.e., an L-filter, can be installed at the AC input. However, it is bulky and not an economic solution. Instead, an LCL-filter can be employed due to the smaller size, lower cost, better switching ripple attenuation, and improved dynamic response [9] .
In the literature, certain techniques have been discussed for the control of bidirectional power flow between AC and DC sources. Reference [10] has proposed a three phase bidirectional AC/DC converter with Y-∆ connected transformers. The converter can achieve both buck and boost AC/DC bidirectional conversion. Reference [11] proposes a modified model predictive control (MMPC) strategy based on Lyapunov function for performance improvement of a bidirectional AC-DC converter, which can be used in an energy storage system for bidirectional power flow between the three phase AC grid and energy storage devices. In reference [12] a vector decoupling controlled sinusoidal pulse width modulation (SPWM) technique has been used to maintain the constant output voltage and control the power transferred from the AC grid to the DC grid and vice-versa, with the system operating at a unity power factor. In reference [13] a three phase power converter is used to control power flow in a hybrid micro-grid. A proportional integral (PI) controller is used to stabilize the reference DC voltage by changing the reference AC side grid current which is controlled by a hysteresis controller. In all of the methods described above, the bidirectional power flow for an AC-DC converter operation has been investigated only at a single frequency. Also, none of the works described above utilize a droop control technique for bidirectional power flow.
In the literature, droop control has been widely used for load sharing among parallel sources in DC grids [14] [15] [16] [17] [18] . The principle of droop control in DC microgrids (MGs) is to inject a certain amount of power/current by drooping the DC voltage. Reference [14] proposes a comparative study of different droop control approaches in DC MGs with a focus on steady state power sharing and system stability. Different nonlinear voltage droops are investigated in reference [15] to analyze power flow methods for multi-terminal voltage source converter high voltage direct current (HVDC) systems. As one may know, the effect of cable impedance will affect the power sharing performance in the droop control. In reference [16] , the droop gain is designed for load sharing among multiple sources in DC MGs, by including the effect of cable resistance and voltage regulation error. In reference [17] , the impact of DC line impedance on the power flow of multi-terminal DC (MTDC) and the effect of the droop gain on power balancing is analyzed. In reference [18] , an adaptive droop control approach is proposed in MTDC to deal with the power sharing according to the headroom (the difference between the rated capacity of the source and current loading). This proposed approach can effectively avoid the over load condition. In addition, there is a well-known tradeoff between the power sharing performance and the voltage regulation. Some improved droop control methods are proposed to reduce the voltage regulation due to the droop characteristic whilst maintaining good power sharing performance [19] [20] [21] .
For MEA applications, droop control has also been successfully employed to deal with power sharing. Reference [22] presents a droop controlled twin high speed permanent magnet synchronous generators system in which appropriate power sharing between the two generators is achieved by adjusting the individual droop gain. Reference [23] proposed an improved voltage compensation method in a three source droop controlled MEA power system to effectively restore the main bus voltage. However, to the best knowledge of the authors, droop control has not been used in the bidirectional power flow control for MEA applications. To fill this gap, this paper proposes a droop characteristic to implement bidirectional power flow for a three phase AC-DC converter under variable frequency operation. Based on the presented control design, the converter can operate with variable frequency at a unity power factor and control the amount of power flow between AC and DC sources, i.e., work in rectifier and inverter mode.
The rest of the paper is organized as follows. Section 2 describes the mathematical modeling of the converter. The controller design is discussed in Section 3. Section 4 presents the simulation studies and Section 5 shows the experimental validation. Finally, the conclusions are drawn together in Section 6. Figure 1 shows the topology of a bidirectional three phase AC-DC converter with an LCL-filter. u dc represents the load voltage and e dc represents the DC voltage source employed for bidirectional operation. Inductor L dc is added in series with the DC voltage source to prevent inrush current. It has been shown that in the low frequency range an LCL-filter behaves like an filter [24] , where = + . Thus, a mathematical model of the LCL filter in low frequency can be derived by neglecting the filter capacitor Cf [25] .
Mathematical Modeling of the Converter
L g − C f − L f constitutes the LCL filter.
Rectifier Mode
In the rectifier mode, the AC source provides the power through the bidirectional converter to DC side.
The per phase loop equation is given as:
where ex is the AC source voltage and ix is the phase current:
where = 0, 1, 2 and = , , , respectively, and ɷ is the grid frequency in rad/s. The converter side phase to neutral voltage and the neutral to ground voltage can be expressed as follows:
where Sx is the switching function.
By substituting Equations (3) and (4) into Equation (1), one can obtain: It has been shown that in the low frequency range an LCL-filter behaves like an L filter [24] , where L = L g + L f . Thus, a mathematical model of the LCL filter in low frequency can be derived by neglecting the filter capacitor C f [25] .
where e x is the AC source voltage and i x is the phase current:
where k = 0, 1, 2 and x = a, b, c, respectively, and ω is the grid frequency in rad/s. The converter side phase to neutral voltage u xN and the neutral to ground voltage u N0 can be expressed as follows:
where S x is the switching function.
S x = 1, S xp is on and S xn is o f f 0, S xn is on and S xp is o f f
By substituting Equations (3) and (4) into Equation (1), one can obtain:
The DC current can be expressed as a function of three phase currents:
A group of differential equations can be formulated in matrix form as shown in Equation (8):
Prior to the control design, the three phase stationary coordinate system is transformed into a two phase dq coordinate system using the Park transformation [12] . Thus, one can obtain:
where e dq is the magnitude of the source voltage vector.
Inverter Mode
In the inverter mode, the DC source provides power to the converter and the power flows back from the DC to AC side. Thus, the differential equations in inverter mode can be formulated as follows:
Using the Park Transformation, one can obtain:
The equivalent representation of the system can be modeled in a synchronous reference frame (SRF), as shown in Figure 2 . 
Control Design
A droop control scheme is proposed so that the converter can work in rectifier/inverter mode using the same control strategy. Figure 3 shows the control diagram which consists of two inner current loops with decoupled dynamics and an outer DC current loop. Conventional vector control is employed. The d-axis is used to control the active power and the q-axis is used to control the reactive power independently. In order to achieve a unity power factor, the current reference in the q-axis * is set to zero. A SRF phase locked loop (PLL) is used to synchronize the converter frequency as well as the phase with the grid. It is worth noticing that instead of tightly regulating the voltage, the output DC current is controlled to follow the reference obtained by the droop characteristic. Figure 4 shows the block diagram of the inner current control loop in the -axis. An equivalent diagram is valid for the -axis as well. 
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Control Design
A droop control scheme is proposed so that the converter can work in rectifier/inverter mode using the same control strategy. Figure 3 shows the control diagram which consists of two inner current loops with decoupled dynamics and an outer DC current loop. Conventional vector control is employed. The d-axis is used to control the active power and the q-axis is used to control the reactive power independently. In order to achieve a unity power factor, the current reference in the q-axis i * q is set to zero. A SRF phase locked loop (PLL) is used to synchronize the converter frequency as well as the phase with the grid. It is worth noticing that instead of tightly regulating the voltage, the output DC current is controlled to follow the reference obtained by the droop characteristic. 
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where K PWM is the gain of the pulse width modulation (PWM). Figure 5 shows the Bode plot of the plant.
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The computational delay of the digital controller is simulated by a first-order lag block 1 ( + 1) ⁄ where is the sampling time. The switching frequency is chosen to be the same as the sampling frequency ( = 20 kHz). To simplify the analysis, the blocks having small time constants (sample & hold and PWM) are combined to become 1 (1.5 + 1) ⁄ [26] . The plant can be expressed as
where KPWM is the gain of the pulse width modulation (PWM). Figure 5 shows the Bode plot of the plant. A PI controller is utilized here to implement the closed loop control of the inner current. Then the open loop transfer function Gio becomes:
Substituting = + ⁄ in Equation (13) one can obtain:
To maintain the second order of the control plant after the addition of the controller, the parameters of the PI controller are chosen as expressed in Equation (15):
To design a faster inner current loop, the crossover frequency is set to be approximately one tenth of the switching frequency. The crossover frequency is the point at which the open loop gain of the system is 0 dB. Applying the criteria 20 log| | = 0 dB to Equation (14) , one can obtain:
Using Equations (14) and (15), the PI controller gains can be solved as: 
Substituting H id = K Pi + K Ii /s in Equation (13) one can obtain:
To design a faster inner current loop, the crossover frequency is set to be approximately one tenth of the switching frequency. The crossover frequency is the point at which the open loop gain of the system is 0 dB. Applying the criteria 20 log|G io | = 0 dB to Equation (14) , one can obtain:
Using Equations (14) and (15), the PI controller gains can be solved as:
Choosing a 2 kHz crossover frequency, the PI controller gains can be calculated and the values are listed at the end of this section. This value ensures that the bandwidth of the inner current loop is ten times smaller than the sampling frequency. Figure 6 shows the Bode diagrams of the open loop frequency response following the above mentioned design criterion. The gain margin is infinite and phase margin is 46.7 • with a stable closed loop response. It can also be seen that the PI controller is able to increase the phase margin of the plant G(s) for the open loop transfer function of the inner current loop G io (s).
The closed loop transfer function of the inner current loop can be expressed as:
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Choosing a 2 kHz crossover frequency, the PI controller gains can be calculated and the values are listed at the end of this section. This value ensures that the bandwidth of the inner current loop is ten times smaller than the sampling frequency. Figure 6 shows the Bode diagrams of the open loop frequency response following the above mentioned design criterion. The gain margin is infinite and phase margin is 46.7° with a stable closed loop response. It can also be seen that the PI controller is able to increase the phase margin of the plant ( ) for the open loop transfer function of the inner current loop ( ).
The closed loop transfer function of the inner current loop can be expressed as: 
Droop Control
As illustrated in Figure 3 , the d-axis current reference is given by an outer DC current controller. The output DC voltage is measured and the corresponding DC current reference is generated using a droop characteristic. Figure 7 shows the detailed droop characteristic applied in this system. At the threshold voltage , the output current reference is set to be zero. When the output voltage is less than , the current reference is positive, indicating that the power is flowing from AC to DC and the converter will operate in rectifier mode. In contrast, when the output voltage is greater than the , the current reference is negative and the converter will operate in inverter mode (power flow from DC to AC). It is worth noting that the slew rate of the droop characteristic 
As illustrated in Figure 3 , the d-axis current reference is given by an outer DC current controller. The output DC voltage is measured and the corresponding DC current reference is generated using a droop characteristic. Figure 7 shows the detailed droop characteristic applied in this system. Choosing a 2 kHz crossover frequency, the PI controller gains can be calculated and the values are listed at the end of this section. This value ensures that the bandwidth of the inner current loop is ten times smaller than the sampling frequency. Figure 6 shows the Bode diagrams of the open loop frequency response following the above mentioned design criterion. The gain margin is infinite and phase margin is 46.7° with a stable closed loop response. It can also be seen that the PI controller is able to increase the phase margin of the plant ( ) for the open loop transfer function of the inner current loop ( ).
As illustrated in Figure 3 , the d-axis current reference is given by an outer DC current controller. The output DC voltage is measured and the corresponding DC current reference is generated using a droop characteristic. Figure 7 shows the detailed droop characteristic applied in this system. At the threshold voltage , the output current reference is set to be zero. When the output voltage is less than , the current reference is positive, indicating that the power is flowing from AC to DC and the converter will operate in rectifier mode. In contrast, when the output voltage is greater than the , the current reference is negative and the converter will operate in inverter mode (power flow from DC to AC). It is worth noting that the slew rate of the droop characteristic At the threshold voltage V th , the output current reference is set to be zero. When the output voltage is less than V th , the current reference is positive, indicating that the power is flowing from AC to DC and the converter will operate in rectifier mode. In contrast, when the output voltage is greater than the V th , the current reference is negative and the converter will operate in inverter mode (power flow from DC to AC). It is worth noting that the slew rate of the droop characteristic for the rectifier and inverter mode can be different. For the sake of simplicity, in this paper the same slope, K 1 , is used for both modes. Thus, the DC current reference can be expressed as:
The slew rate K 1 can be designed as a ratio of the maximal current to the maximum available voltage range, as shown in Equation (20):
The threshold voltage V th (at which the current reference is zero) can be written as:
Substituting Equation (21) into Equation (20), the droop control parameter K 2 can be derived as:
Based on this design principle, the droop control parameters K 1 and K 2 can be calculated and are listed in Table 1 . 
Outer DC Current Loop
After the droop controller is designed, the DC current is regulated via a PI controller to follow the reference obtained from the droop characteristic. Figure 8 shows the control block diagram of the outer current loop. H io is the DC current controller, G ic is the closed loop transfer function of the inner current control loop (see Equation (18) for the rectifier and inverter mode can be different. For the sake of simplicity, in this paper the same slope, , is used for both modes. Thus, the DC current reference can be expressed as:
The slew rate K1 can be designed as a ratio of the maximal current to the maximum available voltage range, as shown in Equation (20):
The threshold voltage (at which the current reference is zero) can be written as:
Substituting Equation (21) into Equation (20), the droop control parameter can be derived as:
Based on this design principle, the droop control parameters and can be calculated and are listed in Table 1 . 
After the droop controller is designed, the DC current is regulated via a PI controller to follow the reference obtained from the droop characteristic. Figure 8 shows the control block diagram of the outer current loop. Hio is the DC current controller, Gic is the closed loop transfer function of the inner current control loop (see Equation (18) The relationship between the output DC current idc and the phase current magnitude Im can be derived as shown below.
First, the DC current can be expressed as follows:
In order to simplify the analysis by ignoring the high frequency operation of the switching function given in Equation (5), the switching function can be rewritten as:
where θ is the output of the PLL and m is the modulation index of the PWM signals. The relationship between the output DC current i dc and the phase current magnitude I m can be derived as shown below.
where θ is the output of the PLL and m is the modulation index of the PWM signals. Combining Equations (2), (23) , and (24), one can obtain the following relation:
Assuming that the converter is not over modulated (m ≤ 1), and using the peak convention for the reference frame transformation, i dc can be simplified as: Figure 9 shows the DC side equivalent circuit in order to derive the transfer function G i dc i o .
The following differential equations can be derived from Figure 9 :
Reformatting Equation (26) yields:
From Figure 8 , the plant of the outer DC current loop is given as:
Similar to the control design of the inner current loop, a PI controller H io is selected using Matlab SISOTOOL (R2016a, MathWorks, Natick, MA, USA) and the values are listed in Table 1 . Figure 10 shows the Bode plot of the open loop frequency response for the outer current loop. Combining Equations (2), (23) , and (24), one can obtain the following relation:
≈ 0.75 cos θ (25) Assuming that the converter is not over modulated ( 1), and using the peak convention for the reference frame transformation, idc can be simplified as: Figure 9 shows the DC side equivalent circuit in order to derive the transfer function . The following differential equations can be derived from Figure 9 :
Similar to the control design of the inner current loop, a PI controller Hio is selected using Matlab SISOTOOL (R2016a, MathWorks, Natick, MA, USA) and the values are listed in Table 1 . Combining Equations (2), (23), and (24), one can obtain the following relation:
≈ 0.75 cos θ (25) Assuming that the converter is not over modulated ( 1), and using the peak convention for the reference frame transformation, idc can be simplified as:
≈ 0.75 (26) Figure 9 shows the DC side equivalent circuit in order to derive the transfer function . The following differential equations can be derived from Figure 9 :
Similar to the control design of the inner current loop, a PI controller Hio is selected using Matlab SISOTOOL (R2016a, MathWorks, Natick, MA, USA) and the values are listed in Table 1 . 
Simulation Studies
The simulation studies were conducted using the power electronics system simulation program SABER to support the discussion above. The parameter selection of the LCL-filter has been widely discussed in the literature. Following the procedure given in [24] , the LCL-filter in this work was designed and is listed in Table 2 . The resonant frequency can be calculated as follows:
Since the variable frequency f ranges from 360 Hz to 800 Hz, the resonant frequency is within the limit [10 f , 0.5 f sw ] which avoids the resonance problems over the harmonic spectrum.
To maintain coherence with the theoretical analysis, the simulation parameters for the bidirectional AC-DC converter are given in Table 2 . In this section, the converter has been tested for variable frequency operation and bidirectional power flow. 
Variable Frequency Operation
The bidirectional AC-DC converter was simulated over a range of variable frequencies in both rectifier and inverter mode. A variable frequency AC power supply is used to mimic the output of the generator. Figure 11 shows the simulation result of the bidirectional converter working in the frequency range of 360-700 Hz in the rectifier mode. It can be clearly seen that the drawn AC current is in phase with the grid voltage, indicating a unity power factor operation. Also, it demonstrates the effectiveness of the decoupling control strategy described in Section 2.
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Simulation Studies
Since the variable frequency f ranges from 360 Hz to 800 Hz, the resonant frequency is within the limit [10 , 0.5 ] which avoids the resonance problems over the harmonic spectrum.
Variable Frequency Operation
The bidirectional AC-DC converter was simulated over a range of variable frequencies in both rectifier and inverter mode. A variable frequency AC power supply is used to mimic the output of the generator. Figure 11 shows the simulation result of the bidirectional converter working in the frequency range of 360-700 Hz in the rectifier mode. It can be clearly seen that the drawn AC current is in phase with the grid voltage, indicating a unity power factor operation. Also, it demonstrates the effectiveness of the decoupling control strategy described in Section 2. Figure 12 shows the simulation result when the converter operates in inverter mode. It can be observed that the AC current is out of phase with the AC voltage, indicating that the power is flowing from the DC to AC source. 
Change of the Working Mode
Following the discussion in Section 3, the bidirectional converter allows the power to flow in either direction by using the presented unified control scheme. When the DC source voltage is less than or equal to the threshold voltage, the reference current is positive and the converter will be operating in rectifier mode. In contrast, when the DC source voltage exceeds the threshold voltage, the current reference becomes negative and the converter will operate in inverter mode. Figure 13a shows the simulation result when the converter switches from rectifier to inverter mode. At t = 1.5 s, the DC source voltage is adjusted to 405 V which exceeds the threshold value (402 V). It can be seen that the output current Io gradually changes from 4.9 A to −10.9 A. The steady-state DC voltage and current is consistent with Equation (18) which validates the performance of the Figure 12 shows the simulation result when the converter operates in inverter mode. It can be observed that the AC current is out of phase with the AC voltage, indicating that the power is flowing from the DC to AC source. Figure 12 shows the simulation result when the converter operates in inverter mode. It can be observed that the AC current is out of phase with the AC voltage, indicating that the power is flowing from the DC to AC source. 
Following the discussion in Section 3, the bidirectional converter allows the power to flow in either direction by using the presented unified control scheme. When the DC source voltage is less than or equal to the threshold voltage, the reference current is positive and the converter will be operating in rectifier mode. In contrast, when the DC source voltage exceeds the threshold voltage, the current reference becomes negative and the converter will operate in inverter mode. Figure 13a shows the simulation result when the converter switches from rectifier to inverter mode. At t = 1.5 s, the DC source voltage is adjusted to 405 V which exceeds the threshold value (402 V). It can be seen that the output current Io gradually changes from 4.9 A to −10.9 A. The steady-state DC voltage and current is consistent with Equation (18) which validates the performance of the 
Following the discussion in Section 3, the bidirectional converter allows the power to flow in either direction by using the presented unified control scheme. When the DC source voltage is less than or equal to the threshold voltage, the reference current is positive and the converter will be operating in rectifier mode. In contrast, when the DC source voltage exceeds the threshold voltage, the current reference becomes negative and the converter will operate in inverter mode. Figure 13a shows the simulation result when the converter switches from rectifier to inverter mode. At t = 1.5 s, the DC source voltage is adjusted to 405 V which exceeds the threshold value (402 V).
It can be seen that the output current I o gradually changes from 4.9 A to −10.9 A. The steady-state DC voltage and current is consistent with Equation (18) which validates the performance of the proposed droop controller. It is also observable that the AC current is changed to be out of phase with the voltage, indicating that the power flow direction is reversed. In contrast, Figure 13b shows the result when the converter operation switches its state from inverter to rectifier mode. The voltage reduces from 405 V to 401 V and the output DC current changes from −11 A to 4.83 A, indicating the change of the power flow direction. Again, the steady-state values match the designed droop characteristic in Section 3.2. Figure 14 shows the simulation result of the converter when the DC source voltage changes. It can be seen that it follows the designed droop characteristic in Section 3.2. 
Robustness Analysis
In order to perform the robustness analysis of the system, three filter inductors and parasitic resistance are varied for twenty values (5% of the nominal value). Figure 15 shows the response of the input AC current and output DC current for all the variations of the inductor and resistor. It can be clearly seen that despite the variation, the input AC current and output DC current maintain their nominal values. In contrast, Figure 13b shows the result when the converter operation switches its state from inverter to rectifier mode. The voltage reduces from 405 V to 401 V and the output DC current changes from −11 A to 4.83 A, indicating the change of the power flow direction. Again, the steady-state values match the designed droop characteristic in Section 3.2. Figure 14 shows the simulation result of the converter when the DC source voltage changes. It can be seen that it follows the designed droop characteristic in Section 3.2. In contrast, Figure 13b shows the result when the converter operation switches its state from inverter to rectifier mode. The voltage reduces from 405 V to 401 V and the output DC current changes from −11 A to 4.83 A, indicating the change of the power flow direction. Again, the steady-state values match the designed droop characteristic in Section 3.2. Figure 14 shows the simulation result of the converter when the DC source voltage changes. It can be seen that it follows the designed droop characteristic in Section 3.2. 
In order to perform the robustness analysis of the system, three filter inductors and parasitic resistance are varied for twenty values (5% of the nominal value). Figure 15 shows the response of the input AC current and output DC current for all the variations of the inductor and resistor. It can be clearly seen that despite the variation, the input AC current and output DC current maintain their nominal values. 
In order to perform the robustness analysis of the system, three filter inductors L and parasitic resistance R s are varied for twenty values (5% of the nominal value). Figure 15 shows the response of the input AC current and output DC current for all the variations of the inductor and resistor. It can be clearly seen that despite the variation, the input AC current and output DC current maintain their nominal values.
In order to verify the performance of the designed controller, the resistive load (R L ) is changed at t = 1 s from 45 Ω to 75 Ω. Figure 16 shows the step response of the output voltage (u dc ). It can be seen that the designed control system is quite effective at countering the effect of this applied disturbance and recovers quickly to its steady state value. The settling time is 0.01834 s. This is consistent with the designed frequency (54.5 Hz), as indicated by the crossover frequency for the open loop frequency response of the outer current loop. In order to verify the performance of the designed controller, the resistive load ( ) is changed at t = 1 s from 45 Ω to 75 Ω. Figure 16 shows the step response of the output voltage ( ). It can be seen that the designed control system is quite effective at countering the effect of this applied disturbance and recovers quickly to its steady state value. The settling time is 0.01834 s. This is consistent with the designed frequency (54.5 Hz), as indicated by the crossover frequency for the open loop frequency response of the outer current loop. Step load change for the control system verification.
Experimental Results
In order to verify the theoretical analysis, a scaled down 2 kW prototype was designed and built in the laboratory. The control scheme (see Figure 3) has been implemented on a TMS320F2812 DSP based control platform. The experimental parameters are listed in Table 3 . In order to verify the performance of the designed controller, the resistive load ( ) is changed at t = 1 s from 45 Ω to 75 Ω. Figure 16 shows the step response of the output voltage ( ). It can be seen that the designed control system is quite effective at countering the effect of this applied disturbance and recovers quickly to its steady state value. The settling time is 0.01834 s. This is consistent with the designed frequency (54.5 Hz), as indicated by the crossover frequency for the open loop frequency response of the outer current loop. Step load change for the control system verification.
In order to verify the theoretical analysis, a scaled down 2 kW prototype was designed and built in the laboratory. The control scheme (see Figure 3) has been implemented on a TMS320F2812 DSP based control platform. The experimental parameters are listed in Table 3 . Figure 16 .
Step load change for the control system verification.
In order to verify the theoretical analysis, a scaled down 2 kW prototype was designed and built in the laboratory. The control scheme (see Figure 3) has been implemented on a TMS320F2812 DSP based control platform. The experimental parameters are listed in Table 3 . 
Variable Frequency Operation
Firstly, the laboratory prototype was tested for variable frequency operation. Figures 17 and 18 show the experimental results when the converter operates in rectifier mode and inverter mode, respectively. It can be seen that the phase current and voltage are in phase with each other in rectifier mode, and are out of phase with each other in inverter mode. The results demonstrate the unity power factor operation and confirm the effectiveness of the decoupling control. 
Change of the Working Mode
The prototype is also tested for the bidirectional power flow using the proposed droop control method. Figure 19a shows the experimental results of when the converter switches from rectifier to inverter mode. Successful reversal is clearly shown from the phase current and DC output current. The DC output current changes from 1.5 A to −4 A. Figure 19b presents the results of when the converter transitions from inverter to rectifier mode. 
Conclusions
Change of the Working Mode
The prototype is also tested for the bidirectional power flow using the proposed droop control method. Figure 19a shows the experimental results of when the converter switches from rectifier to inverter mode. Successful reversal is clearly shown from the phase current and DC output current. The DC output current changes from 1.5 A to −4 A. Figure 19b presents the results of when the converter transitions from inverter to rectifier mode. Figure 19 . Change of the working mode (a) rectifier to inverter and (b) inverter to rectifier.
Conclusions
The trend in the MEA to move from traditional power sources to electrical power requires electrical systems to be redesigned considering variable frequency generation. This work has investigated a fully controlled three phase bidirectional AC-DC converter for future MEA applications. The main achievements of this work can be summarized as follows:
(1) Unity power factor operation of the converter is performed under variable frequency input. (2) A unified control strategy is proposed for both rectifier/inverter modes. Rigorous control design of the LCL filter-based bidirectional converter is presented. (3) A droop characteristic is implemented to control the bidirectional power flow between the AC and DC sources.
The simulation and experimental results demonstrate good performance of the designed bidirectional converter and the effectiveness of the bidirectional power flow using the proposed droop characteristic. Overall, this paper provides a guideline to design a bidirectional AC-DC converter for future MEA applications. The proposed method can also be applied in a multiple converter system to implement power flow regulation.
